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GENERAL INTRODUCTION
Botrytis cinerea Pers. is a fungal plant pathogen that is found on cut rose petals. It causes serious disease problems during production, postharvest handling, and storage, even when roses are stored at OC. Currently, there is much concern about the use of fungicides as preharvest and postharvest treatments for roses, and research that explores alternative methods (nonchemical treatments) to control B. cinerea is necessary.
The overall purpose of this research was to study the effect of electron-beam irradiation for extending postharvest life of Rosa Xhybrida 'Royalty' roses by reducing infection and proliferation of B. cinerea. The specific objectives of this research were to determine dosages of electron-beam irradiation that do not damage rose tissues, to characterize postharvest quality of irradiated cut roses, and to determine if electron-beam irradiation can reduce naturally occurring and inoculated populations of B. cinerea on cut rose petals.
Thesis Organization
This thesis was organized by using journal manuscript format. In addition to the included paper, a general introduction, general review of literature, and general summary and conclusions were included. A list of references cited in the general review of literature follows the general summary and conclusions chapter. The senior author, Ai-Yu Chang, solely conducted the research included in the journal manuscript that constitutes the main body of this thesis.
GENERAL REVIEW OF LITERATURE
Botrytis cinerea Pers. is found commonly on many fruits, vegetables, and cut flowers, and it causes serious disease and postharvest losses of these commodities Jarvis and Slingby, 1975; Sommer et al., 1968) . Growers and wholesale and retail florists contend with this ubiquitous microorganism by using fungicides that prevent preharvest and postharvest development of B. cinerea infections. Because problems caused by fungicides can be serious, such as unsightly chemical residues, fungicide-resistant populations, risk of environmental contamination, and health hazards for applicators , research into nonchemical control of B. cinerea on cut roses is important.
Recently, irradiation has been approved for use in reducing microorganism populations, and this has permitted an extended shelf life for meat, seafood, fruits, vegetables, and spices (Council for Agr. Sci. and Technol., 1989) . Some studies on ornamental plants have found that gamma-ray or x-ray irradiation could sterilize insects sexually on Protea compacta R. Br., Protea longiflora Lamark, and Leucospermum corifolium Salisb. ex Knight , inhibit geotropic bending of snapdragons , and stimulate flowering of gladiolus . Research has shown that gamma rays from cobalt 60 (60Co), in combination with refrigeration, extended the shelf life of strawberries by elimination of the main spoilage organism, B. cinerea (lnst. of Food Technol., 1983; World Health Organization, 1988) . Several lethal doses that inactivate B. cinerea mycelium have been reported in previous studies. The range of lethal dosages varied from 9.5 x 1 o-3 to 1 kilogray (kGy), and the lethal dosage depended upon the size of the B. cinerea colony 
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Introduction
Botrytis cinerea Pers. is a serious fungal pathogen on many fruits, vegetables, and ornamental crops, including roses Jarvis and Slingby, 1975; Sommer et al., 1968) . Many commodities are contaminated with latent infections of B. cinerea at harvest, and lesions develop rapidly under moist conditions during storage and shipment, even at OC . Growers, wholesalers, and retailers contend with this ubiquitous microorganism by using fungicides to prevent postharvest development of infections. Relatively few fungicides are registered for B. cinerea control, and repeated use of fungicides may lead fungicide-resistant B. cinerea strains (Jarvis and Slingby, 1975; Moorman et al., 1989) . In addition, unsightly chemical residues on the crops, the risk of environmental contamination, health hazards for applicators, and increasingly stringent regulation of pesticide use and disposal are problems that should be considered seriously when fungicides are used. Thus, nonchemical control methods need to be developed.
The three main types of irradiation sources are gamma rays from radioactive cobalt-60 or cesium-137, x-rays, and high-energy electrons (Council for Agr. Sci. and Technol., 1989; Morrison, 1989) . Irradiation by using electrons offers two benefits not available when gamma rays are used. These benefits are an irradiation source that is not radioactive and electron-beam irradiation can be accomplished at a much faster dose-rate that may reduce the potential for tissue damage (Council for Agr. Sci. and Technol., 1989) . Ionizing irradiation has been used to reduce spoilage and extend the shelf life of meat, seafood, fruits, vegetables, and spices, to inhibit sprouting of potato and onion and elongation and curvature of asparagus, and to control insects on many fruits and vegetables (Council for Agr. Sci. and Technol., 1989; Wills et al., 1989) . Some studies on ornamental plants have found that gamma-ray or x-ray irradiation could sterilize insects sexually on Protea compacta R. Br., Protea longiflora Lamark, and
Leucospermum corifolium Salisb. ex Knight for insect disinfection , inhibit geotropic bending of snapdragons , and stimulate flowering of gladiolus . Research has shown that gamma rays from cobalt 60 (60Co), in combination with refrigeration, extended the shelf life of strawberries by elimination of the main spoilage organism, B. cinerea (lnst. of Food Technol., 1983; World Health Organization, 1988) . Cut roses have been exposed to 60Co in order to evaluate postharvest events and quality changes . However, no information is available on the efficacy of irradiation for reducing microbial populations on roses or for extending the postharvest life of roses.
Irradiation can damage living cells, and its use requires determination of the dose that provides maximum inactivation of B. cinerea without reducing postharvest quality. Thus, determination of an appropriate dosage will depend upon the radiation susceptibility of the fungal species and the resistance of the crop to undesirable radiation injury (Sommer et al., 1964) . The purpose of this research was to investigate the effects of electron-beam irradiation for simultaneously increasing postharvest quality and decreasing petal infection by B. cinerea on cut Rosa Xhybrida 'Royalty'. The specific objectives of this research were to determine dosages of electron-beam irradiation that do not damage rose tissues, to characterize postharvest quality of irradiated cut roses, and to determine if electron-beam irradiation can reduce naturally occurring and inoculated populations of B. cinerea on petals of cut roses.
Materials and Methods
Experimental design
Cut flowers of 'Royalty' produced at Len Busch Roses, Inc., Plymouth, Minn., were used for all experiments. A randomized complete block design was used for all experiments. Experiments conducted at different times of year were designated as blocks to account for possible seasonal variation in rose quality and in microflora on rose petals in different shipments. Each repetition (block) of each experiment contained four replicates per treatment.
Lethal threshold experiment
This experiment was conducted twice, and each time was considered a block.
Rose stems were recut to 46 em from the tip of the bud, randomly subdivided into groups of five stems, and wrapped (bundled) in cellophane sleeves. Storage. After roses received irradiation treatments of 0, 0.25, 0.5, and 0.75 kGy, the basipetal 2 em of the stems were removed. Rose bundles in preservative solution (same components as in previous experiments but without dextrose) and glass chambers (7.7 X 1Q-3 m3 each) was cooled for 1 hat 2 ± O.SC to minimize water condensation on petals due to temperature differences between roses and glass chambers. After 1 h of cooling, each rose bundle in preservative solution was placed in a sealed glass chamber and stored in dark for 7 days at 2 ± O.SC.
Lesion counting and vase-life evaluation. After 7 days of storage, three of the six stems in each bundle were chosen at random for lesion counts 24 h after removal from storage. The number of lesions per rose was recorded.
The other three rose stems in the same bundle were recut to 30 em below the receptacle, and they were used for 10 days of vase life evaluation. The same procedure, holding room conditions, and preservative solution were employed as in previous experiments. Daily fresh weight, volume of solution absorbed during days 7 to 12 and days 13 to 17 after irradiation, percentage bent-neck flowers, and vase life were recorded. Flowers with ~1 0% fresh weight loss from the initial weight were considered at the end of vase life (Rogers, 1962) .
Effect of irradiation on B. cinerea conidia
This experiment was conducted once to determine the irradiation dose required to inhibit germination of B. cinerea conidia. There were four replicates within each treatment (one replicate= conidia on one petri plate). A spore suspension (0.1 ml volume, 6 X 103 conidia·ml-1) was spread evenly over water agar in a 1 a-em-diameter petri plate. Plates received irradiation dosages of 0, 0.5, 1, 2, and 4 kGy. Percentage conidia germination was recorded 24 h after irradiation. A conidium was counted as germinated if it exhibited a germ tube longer than the diameter of the conidium.
Results
Lethal threshold experiment
There was no statistical difference between each time this experiment was conducted, and therefore, the data presented here were pooled from both repetitions (statistical analysis not presented). Time to reach peak fresh weight for each treatment decreased as dosage increased (Fig. 1 ) . Roses irradiated at dosages >0.5 kGy lost fresh weight faster, and this loss decreased vase life (Fig.   1 ). The untreated control, 0, and 0.5 kGy treatments had a vase life longer than 10 days. For the 1, 2, and 4 kGy treatments, vase life ended on days 8, 7, and 7, respectively ( Fig. 1 ) . The untreated control and 0 kGy treatments showed the greatest preservative solution absorption (Table 1 ).
Postharvest quality evaluation experiment
There was no statistical difference between each time this experiment was conducted, and therefore, the data presented here were pooled from three repetitions (statistical analysis not presented). Fresh weight of roses that were irradiated at dosages of 0.5, 0.75, and 1 kGy began to show differences from the untreated control on days 5, 4, and 4, respectively (Fig. 2) . Fresh weight of the untreated control, 0, and 0.25 kGy treatments did not differ over the entire 1 0-day evaluation period and never decreased to ~90% of the initial fresh weight. For the 0.5, 0.75, and 1 kGy treatments, vase life ended on days 10, 8, and 7, respectively (Fig. 2 ). Roses treated with 0, 0.25, and 0.5 kGy were not different from the untreated control in time to loss of petal turgidity and percentage bentneck flowers (Table 2 ). Roses treated with 0.75 and 1 kGy, however, showed a faster loss of petal turgidity and increased in percentage bent-neck flowers as dosage increased ( Table 2 ). Roses that received a greater irradiation dosage showed a lower amount of preservative solution absorption (Table 2 ). The rate of flower opening was different during the first 3 days after irradiation. Roses irradiated at dosages ~0.25 kGy exhibited a smaller diameter during days 1 and 2, but flower diameters showed no difference with untreated control by day 3 except that roses treated with 1 kGy remained smaller (Table 3 ). Flowers irradiated with 1 kGy reached their maximum diameter faster (3 days) than flowers in most other treatments, but maximum diameter was smaller than flowers irradiated with doses ~0.75 kGy (Table 3) . Flowers irradiated at ~0.75 kGy took 4 days or longer to reach their maximum flower diameter (Table 3) .
Irradiation of roses with naturally occurring and inoculated B. cinerea populations
Naturally occurring B. cinerea inoculum from greenhouse-grown roses averaged 14 lesions/rose. Therefore, lesion counting was based on the number of lesions per rose rather than infection efficiency. Inoculated roses exhibited a greater number of lesions per flower (averaged 25 lesions/rose) than noninoculated roses, but irradiation dosage did not affect the number of lesions per flower (ranged from 16 to 22 lesions/rose; a= 0.05, LSD= 13). There was no inoculation effect on roses for daily fresh weight pattern and vase life (data not presented). However, irradiation dosage affected both fresh weight pattern and vase life (Fig. 3) . The number of days until peak fresh weight was inversely proportional to irradiation dosage. In addition, the greater the dosage, the faster the roses began to lose fresh weight, and this lead to a shorter vase life (Fig. 3) .
Flowers that received 0.75 kGy of irradiation exhibited more bent neck than flowers that received 0 to 0.5 kGy (Table 4) , and the greater the irradiation dosage absorbed the lower the amount of preservative solution absorbed (Table 4) .
Effect of irradiation on B. cinerea conidia
B. cinerea conidia irradiated at dosages of 0, 0.5, and 1 kGy exhibited an average of 90% spore germination, whereas irradiation dosages of 2 and 4 kGy decreased spore germination to 33% and 2%, respectively (a= 0.05, LSD= 12).
Discussion
Lethal threshold experiment
The estimated maximum dose of ionizing radiation that can be tolerated by cut flowers such as roses, carnations, chrysanthemums, and orchids was 0.2 kGy (Anon., 1986) . found that roses that received irradiation dosages from gamma rays (60Co) of >0.75 kGy showed injury on petal tissue (brown patches). In this experiment, we have found similar results. Roses that received ~1 kGy had petal tissue damaged irreversibly and that caused unfavorable rose quality (Fig. 1, Table 1 ).
Postharvest quality evaluation experiment
The unacceptable irradiation dosages in our experiment (~0.75 kGy) were similar to results of . found the rate and degree of flower opening of Protea compacta R.Br. flowers irradiated with gamma rays decreased with increasing dosages, and irradiation at 0.9 kGy suppressed flower opening almost completely. Similar results were obtained in our experiment, and roses that received 0.25, 0.5, 0.75, and 1 kGy showed a delay in flower opening of about 2 days (Table 3) . However, roses treated with 0.75 and 1 kGy remained smaller than untreated control roses. In contrast, no effect of irradiation on the rate of opening of Leucospermum cordifolium Salisb.
flowers were observed , and this suggests that species differ in their level of tolerance to irradiation. The maximum tolerable irradiation dosage of different crops depended upon the sensitivity of the plant tissue to the irradiation dosage. Tolerable dosages were <3.18 X 1 o-3 kGy for Lilium longiflorum Thunb. 'Ace' bulbs (Staby and Geisman, 1972) , and 0.15 kGy for potato tubers and 2 kGy for strawberries (Anon., 1986; Council for Agr. Sci. and Technol., 1989; Wills et al., 1989) . In our experiments, roses irradiated with 0.5 kGy did not differ from treatments of untreated control, 0, and 0.25 kGy in most postharvest quality evaluation parameters (Tables 2 and 3 ). Thus, we estimate that the acceptable range of electron-beam irradiation dosage for Rosa Xhybrida 'Royalty' roses is ~0.5 kGy when the flowers are held for 1 0 days at 21C.
Irradiation of roses with naturally occurring and inoculated B. cinerea populations
In general, ;;::::1.75 kGy is required to inhibit fungal problems in a postharvest environment (Kader et al., 1984) . Wills et al. (1989) showed that the minimum dose of ionizing radiation to inhibit B. cinerea on strawberry was 2 kGy. Sommer et al. (1964 Sommer et al. ( , 1968 also found that ~1 kGy of gamma irradiation gave little inhibition of growth of B. cinerea populations. In our experiment with flowers, irradiation with dosages of ~0.75 kGy did not control B. cinerea populations, and B. cinerea conidia were able to tolerate dosages between 1 and 2 kGy. Thus, B.
cinerea conidia seem to be able to tolerate electron-beam dosages greater than the dosages that the roses can tolerate. Anon. (1986) also mentioned that the minimum dose required to produce the desired technical effect is often more than the commodity can tolerate, and this limits the commercial application of the irradiation process. The fresh weight patterns for noninoculated and inoculated roses were similar to roses used in the postharvest quality evaluation experiment. A slight difference was that roses that received irradiation dosages of 0.25 kGy began to show differences from roses irradiated at 0 kGy 14 days after irradiation (Fig. 3, Table 4 ). On the other hand, there were no differences between the 0 and 0.25 kGy irradiated roses through the entire 1 0-day evaluation period in postharvest quality evaluation experiment. This may have been caused by the additional 7-day storage period. cinerea in vitro were inactivated completely only at irradiation dosages above 3 kGy (Ryall and Pentzer, 1979; Sommer et al., 1964) . Similar results were found in our experiment in that irradiation dosages of 4 kGy controlled B. cinerea almost completely.
Effect of irradiation on
Recommendations
From this research, electron-beam irradiation may not be an effective method for the control of B. cinerea on Rosa Xhybrida 'Royalty' roses because irradiation damages flower tissue at dosages that do not control B. cinerea populations.
However, we have found that electron-beam irradiation dosages between 0.25 and 0.50 kGy delayed flower opening without decreasing rose quality for 'Royalty' roses held at 21 C for up to 10 days after irradiation.
Postharvest. An introduction to the physiology and handling of fruits and ZMeans of flower diameters were estimated by the following flower diameter rating: 1= :::;13 mm; 2 = 14 to 18 mm; 3 = 19 to 25 mm; 4 = 26 to 32 mm; 5 = 33 to 38 mm; 6 = 39 to 50 mm; 7 =51 to 65 mm; 8 = 66 to 80 mm; 9 = 81 to 100 mm; and 10 = >100 mm. Lsd (a= 0.05) was for comparison between treatments on each day only. Roses that received irradiation dosages of 0.75 and 1 kGy showed unacceptable quality ratings in most cases. In general, the acceptable range of irradiation dosages for rose quality seems to be between 0.25 kGy and 0.5 kGy, with roses performing better when given a dosage closer to 0.25 kGy.
Inoculated and noninoculated roses irradiated at 0, 0.25, 0.5, and 0.75 kGy showed no difference in the number of lesions per flower, and rose quality .
decreased as dosage increased. In an experiment in which 8. cinerea conidia were irradiated, it was found that irradiation dosages ~ 1 kGy did not control B.
cinerea populations, and an average spore germination of 90% was observed.
Irradiation dosages of 2 and 4 kGy reduced spore germination to 33% and 2%, respectively.
